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proteins are produced by different strains of B. thuringiensis, isolated from diverse sources, the world over. The search for novel types of cry genes for deployment in insect pest control both as biopesticides as well as transgenic plants has spurred the need for isolation of B. thuringiensis from different sources and locations (Kaur, 2006) . To date several hundreds of holotype known toxins have been evaluated against different orders of insects (Frankenhuyzen, 2009) .
The traditional classifi cation of B. thuringiensis is based on fl agellar or H antigen-serotyping, supplemented with biochemicals as different serovars (de Barjac and Franchon, 1990; Lecadet et al., 1999) . Serotyping has been the most widely accepted subspecifi c classifi cation technique for B. thuringiensis. However, there are limitations with classifi cation of B. thuringiensis on the basis of serotyping; the strains from the same serovar do not necessarily share biochemical, genetic, or toxicological attributes (Aronson et al., 1986) . While some serovars, such as serovar israelensis (H14), include strains with practically the same attributes (Ankarloo et al., 2000) , other serovars may include strains with a wide diversity of features. This is the case of serovar morrisoni (H8a, 8a), which includes some strains with toxicity toward mosquito larvae (Padua et al., 1984) , some towards coleopteran larvae (Hofte and Whiteley, 1989) , and some others towards lepidopteran larvae (de Barjac and Franchon, 1990 ). Thus, strains showing different toxicological attributes have been grouped into the same serovar. Alternatively, strains from different serovars may show high biochemical, genetic, and toxicological similarity, such as strains IMR 81-1 (serovar malaysiensis), 11S2-1 (serovar canadensis), B 175 (serovar thompsoni), K6 (self agglutinated), and B51 (self agglutinated), which are all highly similar to serovar israelensis (Ragni et al., 1996) . Additionally, serotyping is useless for nonmotile strains, as well as for the so-called selfagglutinated strains. Besides, agglutination has also been found in some B. cereus strains with H antigens (Lecadet et al., 1999; Ohba and Aizawa, 1986) .
Therefore, alternative typing methods for B. thuringiensis strains have been attempted. Most are based on molecular techniques, such as arbitrary primer-polymerase chain reaction (PCR) technology (Brousseau et al., 1993; Hansen et al., 1998) , ribosomal DNA restriction fragment length polymorphism (RFLP) (Akhurst et al., 1997; Priest et al., 1988) , and amplifi ed fragment length polymorphism (AFLP) (Pattanayak et al., 2000) . However, most of these studies have used a limited number of strains for diversity analysis. Bourque and co-workers (Bourque et al., 1995) used rRNA intergenic spacer sequences for the diversity analysis of 31 strains but found these sequences were insuffi cient to discriminate among isolates. Ribotyping (16S, 23S, and 5S rRNA gene RFLP) has been used for analysis of 80 serovars of B. thuringiensis showing diverse patterns (Joung and Cote, 2001a, b) . Stern et al. (1984) identifi ed a sequence which they call the repetitive extragenic palindromic (rep) sequence, and which is present in many copies on the chromosome of both E. coli and S. typhimurium. Repetitive extragenic palindromic (REP) PCR is a new typing method that differentiates microbes by using primers complementary to the REP sequence that enable amplifi cation of diverse-sized DNA fragments consisting of sequences between the REP sequences (Olive and Bean, 1999; Versalovic et al., 1991 Versalovic et al., , 1994 Woods et al., 1992) . The REP sequences are present in many copies on the chromosome, in a quarter of all bacterial operons and there are in excess of 500 copies, equivalent to as much as 1% of the total chromosomal DNA (Stern et al., 1984) . Three families of repetitive sequences have been identifi ed, including the 35 40 bp repetitive extragenic palindromic (REP) sequence, the 124 127 bp enterobacterial repetitive intergenic consensus (ERIC) sequence, and the 154 bp BOX element (Versalovic et al., 1994) . These sequences appear to be located in distinct, intergenic positions around the genome. The repetitive elements may be present in both orientations, and oligonucleotide primers have been designed to prime DNA synthesis outward from the inverted repeats in REP and ERIC, and from the boxA subunit of BOX, in PCR (Versalovic et al., 1994) . The use of these primers and PCR leads to selective amplifi cation of distinct genomic regions located between REP, ERIC or BOX elements. The corresponding protocols are referred to as REP-PCR, ERIC-PCR and BOX-PCR genomic fi ngerprinting respectively, and rep-PCR genomic fi ngerprinting collectively (Priest et al., 1988; Ragni et al., 1996) . PCR products of different sizes are resolved by electrophoresis, and the resulting DNA fi ngerprint patterns are used for diversity analysis. Several studies have shown that the application of REP-PCR using oligonucleotide primers based on the REP elements and ERIC-PCR has been successful in typing a variety of bacteria (Alves et al., 2002; de Bruijn, 1992; Hulton et al., 1991; Jersek et al., 1999; Reboll et al., 1994; Rodriguez-Barradas et al., 1995 , Woods et al., 1992 .
In this study REP-PCR and ERIC-PCR have been used for molecular typing of 113 native B. thuringiensis isolates. These isolates were collected from diverse habitats in India (Kaur and Singh, 2000) . Twenty-seven known B. thuringiensis strains obtained from the Bacillus Genetic Stock Centre (BGSC), Department of Biochemistry, Ohio State University, Columbus, Ohio 43210, USA, were also used as reference for this study. The objective of this work was to analyze diversity of B. thuringiensis in respect to different sources and regions in India using REP-PCR and ERIC-PCR techniques.
Materials and Methods
Isolation and culture of Bacillus thuringiensis strains. A total of 113 native strains of B. thuringiensis collected from diverse habitats of India (Fig. 1, Table 1 ) and a set of 27 strains obtained from BGSC (Table 2) were used as reference in this study. All the strains were grown at 28 C for 14 h on Luria Bertani agar (LA) containing casein enzymic hydrolysate (10 mg/L), yeast extract (5 mg/L), sodium chloride (5 mg/L), and agar (15 mg/L); penicillin (10 μg/μl) was added as a selective antibiotic. For the chromosomal DNA isolation a single colony from an LA plate was inoculated in the Luria Bertani (LB) broth containing bactotryptone 10 g; yeast extract 5 g and NaCl 10 g in 1 L of distilled water.
DNA extraction. Bacteria were shaken in 10 ml of Luria broth containing enzymic hydrolysate 10 mg/L, yeast extract 5 mg/L, and sodium chloride 5 mg/L, at 28 C for 14 h until cultures reached the late exponential phase. DNA was isolated from the cell suspensions (4.0 ml) by using an OmniPrep TM kit for gram positive bacteria, in accordance with the manufacturer s instructions (G-Biosciences, St. Louis, MO, USA). The concentration of DNA was determined spectrophotometrically at 260 nm.
REP-PCR amplifi cation. REP-PCR was performed with the primer pair Bc-REP-1 (5 -ATTAAAGTTTC A C T T T A T-3 ) and Bc-REP-2 (5 -TTTAATCAGTGGGG-3 ) according to Ramirez and Ibarra (2005) . PCR mixtures were prepared as follows: 100 ng of template DNA, 300 ng of each primer, 5 mM MgCl 2 , 200 mM deoxynucleoside triphosphate mixture, and 2.5 U of Taq DNA polymerase to a 25 μl fi nal volume. Amplifi cations as performed under the following conditions: an initial denaturation of 4 min at 94 C, followed by 35 cycles each of denaturation at 94 C for 1 min, annealing at 42 C for 1 min, and polymerization at 72 C for 2 min. Amplifi cation was completed with an extension step at 72 C for 10 min.
ERIC-PCR amplifi cation. The ERIC-PCR was performed with the primers ERICIR 3 -CACTTAGGG G T C C T C G TCGAA TGTA-5 and ERIC2 5 -AAGTA A G T G A C T G G G GTGAGCG-3 (Versalovic et al., 1991) . The PCR reactions were carried out essentially as described by Versalovic et al. (1991) with a little modifi cation. For the ERIC primers, the conditions used were as follows: 1 cycle at 94 C for 4 min, 30 cycles at 94 C for 1 min, at 52 C for 1 min, and at 65 C for 6 min; 1 cycle at 65 C for 16 min; and a fi nal storage at 4 C. Amplifi ed samples were kept at 20 C until electrophoretic analysis. All PCR amplifi cations were performed with a BioRad PCR system.
Electrophoretic analysis. REP-PCR and ERIC-PCR patterns were visualized by agarose gel electrophoresis. Aliquots of 12.5 μl each of the amplifi cation products were loaded onto 0.8% agarose and run in 0.5 TBE buffer at 2 V/cm for 5 h. Thereafter, gel slabs were stained with 0.4 μg of ethidium bromide/ml and documented with a Gel Doc 2008 gel system (Alpha Inno- tech Gel Doc System). Molecular weight analysis of patterns was performed with FluorChem 5500 software with a 1 kb DNA ladder (MBI Fermentas) as the molecular weight marker. All reactions were repeated at least twice and only bands that were bright and reproducible were scored for the analysis.
Statistical analysis of marker characteristics. Both REP and ERIC primers were used twice for PCR amplifi cation to detect reproducible bands. Only reproducible bands were considered for analysis. Each band was considered as a marker and scored 1 for presence of band and 0 for absence. A binary data matrix of markers for all the isolates was recorded on Microsoft offi ce excel spread sheet for further analysis.
The discriminatory power of the REP and ERIC PCR band was evaluated by PIC (Polymorphic information content), RP (resolving power) and MI (marker index). PIC for each marker was calculated as proposed by Powell et al. (1996) as PIC=1 ΣP i 2 where P i is the frequency of ith allele. REP and ERIC is a dominant marker and gives a maximum 0.5 PIC when both the alleles have same frequency. As each band line has been considered as a marker, PIC was separately calculated for each band line and averaged to estimate PIC for each REP and ERIC-PCR. Resolution power of the primer was calculated by Rp=ΣIb where Ib (band informativeness) was calculated as =1 [2 0.5 p ], and p is the proportion of genotype having a band. MI was calculated according to Powell et al. (1996) . MI is the product between the diversity index (equivalent to PIC) and effective multiplex ratio (EMR) where EMR is the product of fraction of polymorphic loci and number of polymorphic loci.
Diversity analysis. Polymorphic bands from all the REP-PCR and ERIC-PCR patterns were individually identifi ed by their specifi c migration rates in the electrophoretic analyses. Once bands were properly and distinctively identifi ed, binary (0/1) matrices were constructed to compare the patterns. Diversity analysis was performed using the NTSYS-pc software (version 2.1). Jaccard similarity coeffi cient values for 100 pairwise comparisons between isolates were calculated and a similarity coeffi cient matrix was constructed. This matrix was subjected to unweighted pairwise group method for arithmetic average analysis (UPGMA) to generate a dendrogram using the SAHN subroutine and tree plot of NTSYS-pc. In addition, matrices and dendrograms were also generated individually for each primer used. Cophenetic correlation was calculated as a measure of the faithfulness of cluster analysis and data subjected to principle coordinates analysis (PCA).
Results

REP-PCR fi ngerprinting of B. thuringiensis type strains
Once PCR conditions were established and primers were tested, 27 B. thuringiensis type strains, and 113 native B. thuringiensis isolates were analyzed for diversity. The native B. thuringiensis isolates used in this study have been previously characterized by PCR amplifi cation of a 234 bp highly conserved internal transcribed spacer (ITS) region. All the REP-PCR patterns obtained from the type strains and native isolates varied from 2 to 7 bands ranging from 0.2 to 3.5 kb size bands. The range of band size was the same as previously observed (0.2 to 3.8 kb) by Ramirez and Ibarra (2005) but we have observed a lower number of bands as compared to their results even though the numbers of isolates analyzed are equal.
B. thuringiensis serovar. toumanoffi (4N1), native strains SK-63, SK-82, SK-929 and SK-794 showed only one band. A total of 15 polymorphic bands were identifi ed from all the Rep-PCR patterns. Figure 2 shows the Rep-PCR patterns of 24 native isolates of B. thuringiensis, collected from different habitats and Fig. 3 shows reference strains showing all the polymorphic bands. The overwhelming majority of the native isolates showed distinctive Rep-PCR patterns even though they were collected from the same place. For instance native isolates SK301-SK307, isolates from nematode-infected fi eld soil form IARI campus New Delhi, showed a distinct pattern. However, a few native isolates shared the same pattern, such as the 700 series (collected from various grain dust samples, in Guntur, Andhra Pradesh, SK-741 (isolated from cotton seeds), SK-750 and SK-751 (isolated from Bengal gram seeds) and SK-758 to SK-786 (isolated from Jowar grain dust) , which showed similar banding patterns. Interestingly, isolates SK-729 and SK-739 isolated from cotton seeds have a banding pattern distinct from the others. Every number has an SK prefi x, M for 1 kb molecular weight ladder. M for 1 kb molecular weight ladder.
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ERIC-PCR fi ngerprinting of B. thuringiensis
All the 113 native isolates and 27 known strains of B. thuringiensis used in the REP-PCR were also analyzed by ERIC-PCR. All the ERIC-PCR patterns obtained from the type strains and native isolates varied from 3 to 10 bands in number and from 0.2 to 3.5 kb in band size. B. thuringiensis serovar tochigiensis (4Y1) showed only one band, whereas serovar darmstadiensis (4M1, 4M2) serovar canadensis (4H2) (Fig. 4) and native isolates SK-980, SK-1009 and SK-1035 showed only two bands. Over all, very distinct banding patterns were observed with ERIC-PCR (Fig. 5) . Native isolates SK-1, SK-2 and SK-3, collected from a chickpea fi eld, a gram fi eld and a chickpea fi eld from locations near Rohtak, Haryana, respectively, showed different ERIC-PCR patterns. whereas, isolates SK-13 to SK-28, collected from a cotton fi eld, Malout, Panjab had an identical ERIC-PCR pattern. Isolate SK-51 and SK-63 both collected from orchard soil in Shimla, showed similar banding patterns. The isolates SK-82 to SK-94 were collected from grain dust, Bhareri, Shimla, Himachal Pradesh. Out of these isolates, SK-82 has a different ERIC-PCR pattern from that of SK84, SK-88 and SK-94, even though they were collected from the same source and same place.
REP-PCR and ERIC-PCR techniques have been used in molecular fi ngerprinting of various other bacterial strains as well as fungus (Genersch and Otten, 2003; Palencia et al., 2009; Szczuka and Kaznowski, 2004) . A collection of 120 Aeromonas sp. strains isolated from specimens collected from humans has been analyzed by using RAPD, REP-PCR and ERIC-PCR, and RAPD and ERIC-PCR were found to have more effective discriminatory power than REP-PCR (Szczuka and Kaznowski, 2004) . REP-PCR fi ngerprinting data in combination with same type of marker technique like BOX and AIR has been found effective for establishing a molecular epidemiology of Paenibacillus larvae (Genersch and Otten, 2003) . In classifi cation of Rhizobium strains, REP-PCR and ERIC-PCR were as useful as multilocus enzyme electrophoresis (de Bruijn, 1992) . In a recent study, the REP-PCR technique has also been found effective for the fi ngerprinting of fungal species Aspergillus niger (Palencia et al., 2009) .
Allocation of strains to molecular types
For the molecular typing of native B. thuringiensis isolates both REP and ERIC-PCR data were pooled to assign molecular groups of B. thuringiensis isolates collected from diverse habitats in India. UPGMA analysis of the genotypic data developed by using REP and M for 1 kb molecular weight ladder.
ERIC-PCR primers distinguished 113 native isolates and 27 type strains into four main clusters (Fig. 6 ). netic recombination in the microenvironment, large population size and evolutionary differences acquired due to the short generation time of microbes.
Discriminatory power of REP-PCR and ERIC-PCR
The REP and ERIC-PCR patterns observed here were discriminatory enough to have revealed minute differences in the bacterial strains. The REP has amplifi ed 15 bands with a PIC value 0.31 0.13 whereas ERIC-PCR has amplifi ed 16 bands with PIC 0.40 0.10. Resolution power and marker index of the ERIC-PCR (RP 9.39, MI 6.34) was higher than for the REP (RP 6.20, MI 4.48). We have also analyzed diversity among the 27 type strains used as reference, collected from 4 countries ( Table 2 ). REP and ERIC-PCR techniques were able to discriminate all the strains. As compared to the diversity observed among reference strains (average Jaccards similarity coeffi cient 0.24 0.13), slightly more diversity (average Jaccards similarity coeffi cient 0.25 0.14) was observed among the isolates from different climatic zones of India. For example, the B. thuringenesis type strains 4J2, 4J3, 4J4 (B. thuringenesis serovar aizawai) showed an identical banding pattern in REP-PCR (Fig. 3) while showing different bands when analyzed by ERIC-PCR (Fig. 5) . In molecular typing of Aeromonas popoffi i, ERIC-PCR has been reported to have more discriminatory power as compared to REP-PCR (Soler et al., 2003) .
Discussion
The result of this study demonstrates the usefulness of REP-PCR and ERIC-PCR as genomic fi ngerprinting techniques for studying populations of B. thuringiensis from diverse sources. The advantages of these techniques are simplicity, universality of primers used, relative reproducibility of results and computer-based data analysis. Both REP and ERIC-PCR markers are useful to discriminate B. thuringiensis strains. ERIC-PCR is the more informative of the two techniques, suggesting that ERIC-like sequences may be more widely distributed than REP-like sequences in B. thuringenesis. Similar results have been observed in R. meliloti, a gram negative bacterium (de Bruijn, 1992) .
Characterization of B. thuringiensis isolates has also been done by some other workers using different molecular techniques (Manzano et al., 2009; Sadder et al., 2006; Zara et al., 2006) . Sadder et al. (2006) carried out RAPD analysis on seven B. thuringiensis isolates recovered from Jordan and fi ve reference B. thuringiensis strains and found a high degree of polymorphism. A clearly defi ned habitat locational pattern was also not observed by Malkawi et al. (1999) in their RAPD-PCR analysis of 16 B. thuringiensis isolates recovered from different Jordanian habitats. Pattnayak et al. (2001) also performed RAPD-based fi ngerprinting of 21 serovars of B. thuringiensis using 19 random decamer primers and found very low similarity values ranging from 3 68%, indicating high genetic divergence. Gaviria-Rivera and Priest (2003) carried out RAPD analysis of 126 B. thuringiensis representing 57 serovars, which were allotted to 58 genomic typebased RAPD patterns. It was concluded that while the species is genomically diverse, the presence of one or more homologous serovars represents clonal lineages of successful pathogens. Vilas-Boas and Lemos (2004) also observed remarkable genetic diversity among 218 Bt isolates from Brazil, suggesing that the diversity resulted from the infl uence of different ecological factors and spatial separation between strains generated by conquest of different habitats. Kumar et al. (2008) have also carried out RAPD-PCR of 70 Bt isolates collected from soil samples of a water fi eld and found that RAPD provides a high degree of discrimination.
Our study showed that the regional B. thuringiensis isolates had a high degree of genetic diversity (Fig. 6) . Most of the strains were found to be diverse even though they were isolated from the same or similar type of source. Very few isolates from the same source showed similar banding patterns. The REP-PCR and ERIC-PCR analysis could effectively distinguish the different native isolates of B. thuringiensis isolated from different regions and sources. The genetic analysis presented here has contributed to our efforts to understand the genetic structure of the B. thuringiensis population in various climatic zones of India and will help in selecting isolates of B. thuringiensis for screening for cry gene alleles.
